Although the sister-group relationship between Cetacea and Artiodactyla is widely accepted, the actual artiodactyl group which is closest to Cetacea has not been conclusively identi¢ed. In the present study, we have sequenced the complete mitochondrial genome of the hippopotamus, Hippopotamus amphibius, and included it in phylogenetic analyses together with 15 other placental mammals. These analyses separated the hippopotamus from the other suiform included, the pig, and identi¢ed the hippopotamus as the artiodactyl sister group of the cetaceans, thereby making both Artiodactyla and the suborder Suiformes paraphyletic. The divergence between the hippopotamid and cetacean lineages was calculated using this molecular data and was estimated at ca. 54 Ma BP.
INTRODUCTION
Artiodactyla is a diverse order with about 80 living genera and a rich fossil record dating from the late Palaeocene^early Eocene. The artiodactyls are a wellde¢ned group, with the most pronounced external characteristic being the paraxonic foot, the axis of which passes between the third and fourth digits, irrespective of the number of digits retained. The ¢rst digits are almost always absent, even in the most primitive artiodactyls, and among the most specialized groups the second and ¢fth digits are also rudimentary or absent. Living artiodactyls may be grouped into eight distinct families: pigs, peccaries, hippopotamuses, bovids, deer, tragulids, gira¡es and camels. The higher classi¢cation within the order Artiodactyla is problematic, but most schemes of classi¢cation divide extant artiodactyls into three suborders: Suiformes (pigs, peccaries and hippopotamuses), Ruminantia (bovids, deer, tragulids and gira¡es), and Tylopoda (camels), for example, see Colbert & Morales (1991) .
The ¢rst character state phylogenetic analysis of a complete mitochondrial (mt) gene, cytochrome b, identi¢ed artiodactyls and cetaceans as sister groups (Irwin et al. 1991) . Extended analyses of the same gene, including the hippopotamus, placed cetacean origin within the Artiodactyla, reconstructing the relationship (outgroup (Suidae (Ruminantia (Hippopotamidae, Cetacea)))) and thereby making Artiodactyla as well as Suiformes paraphyletic (Irwin & Arnason 1994; . Analyses of nuclear data have also identi¢ed a sister-group relationship between Cetacea and Hippopotamidae (Sarich 1993; Gatesy et al. 1996; Gatesy 1997) , although the Ruminantia^Hippopotamidae^Cetacea relationship remained unresolved in analyses based on the positions of SINE (short interspersed elements) insertion sites (Shimamura et al. 1997) .
These molecular ¢ndings, suggesting artiodactyl as well as suiform paraphyly, have made it necessary to examine both artiodactyl and artiodactyl^cetacean relationships on the basis of extensive data sets such as complete mtDNA sequences. Hitherto, three complete artiodactyl mtDNAs, those of the cow (Anderson et al. 1982) , the pig (Ursing & Arnason 1998) , and the sheep (Hiendleder et al. 1998) , have been reported. These sequences together with the presently described complete mtDNA of the hippopotamus, Hippopotamus amphibius, and two cetacean mtDNAs, those of the ¢n (Arnason et al. 1991) and the blue (Arnason & Gullberg 1993) whales, allow central questions of artiodactyl and artiodactylĉ etacean relationships to be addressed using a more extensive molecular data set.
METHODS
Isolated mtDNA from the hippopotamus was provided by Dr Eric Harley, Department of Chemical Pathology, University of Cape Town, South Africa. This mtDNA was digested separately with Spe I and Bln I. The resulting fragments were ligated directly into the phage vector M13mp18 and/or mp19. Regions not covered by natural clones were PCR-ampli¢ed then ligated as above. Sequencing was performed manually on singlestranded DNA, using the dideoxy method with 35 S-dATP (Sanger 1981) and both the universal and numerous speci¢c oligodeoxynucleotide primers. Part of the NADH2 gene was sequenced directly (DNA sequencer model 4000L, LI-COR Inc.) using the Thermo Sequenase cycle-sequencing kit (Amersham) with 7-deaza-dGTP and several £uorescent-labelled primers.
Phylogenetic analyses were carried out on the concatenated sequences of the 12 protein-coding genes encoded by the mitochondrial H-strand. The NADH6 gene was not included as the nucleotide (nt) composition of this gene deviates from that of the other mitochondrial protein-coding genes, thereby violating the assumptions of some of the phylogenetic algorithms used. In order to ensure the comparison of homologous sites, stop codons, gaps, and ambiguous sites adjacent to gaps, were excluded. The length of the alignment was 10 647 nt or 3549 amino acids (aa). The rationale for preferring phylogenetic analysis of large data sets, such as the concatenated proteincoding sequences of complete mtDNA genomes, is that the stochastic e¡ects occurring with small data sets are gradually reduced with increasing alignment length (Cao et al. 1994) .
The analyses included the following species: mouse, Mus musculus (Bibb et al. 1981) ; harbour seal, Phoca vitulina (Arnason & Johnsson 1992) ; grey seal, Halichoerus grypus (Arnason et al. 1993a) ; cat, Felis catus (Lopez et al. 1996) ; horse, Equus callabus (Xu & Arnason 1994) ; donkey, Equus asinus (Xu et al. 1996a) ; Indian rhinoceros, Rhinoceros unicornis (Xu et al. 1996b) ; white rhinoceros, Ceratotherium simum (Xu & Arnason 1997) ; blue whale, Balaenoptera musculus (Arnason & Gullberg 1993) ; ¢n whale, Balaenoptera physalus (Arnason et al. 1991) ; hippopotamus, Hippopotamus amphibius (present study); cow, Bos taurus (Anderson et al. 1982) ; sheep, Ovis aries (Hiendleder et al. 1998) ; pig, Sus scrofa (Ursing & Arnason 1998) ; armadillo, Dasypus novemcinctus ; human (`Lund'), Homo sapiens .
Analyses were carried out at both the aa and the nt levels, applying three di¡erent approaches to phylogenetic reconstruction: maximum likelihood, ML (Felsenstein 1991) ; neighbour joining, NJ (Saitou & Nei 1987) ; and maximum parsimony, MP (Fitch 1971) ; implemented by the PUZZLE, version 4.0 (Strimmer & von Haeseler 1996) , the PHYLIP, version 3.52c (Felsenstein 1991) , or the MOLPHY, version 2.2 (Adachi & Hasegawa 1996a ) program packages. The support values for ML were calculated using quartet puzzling (QP), QP^ML.
The nt analyses included all non-synonymous changes at the ¢rst codon position, all second codon position changes, and third codon position transversions. At the nt level, the HKY (Hasegawa, Kishino and Yano) model for sequence evolution (Hasegawa et al. 1985) was used with 1000 bootstrap replicates, and at the aa level the Dayho¡ matrix was used (Dayho¡ 1978) . Due to computational constraints, the analyses at the aa level were limited to 100 bootstrap replicates. In the case of QP^ML the analyses were made with 1000 puzzling steps, the TN model for nt sequence evolution (Tamura & Nei 1993) , and the mtREV-24 model for aa sequence evolution (Adachi & Hasegawa 1996b) .
The dating of the hippopotamus^whale split was estimated using QP^ML aa distances. The rate for the hippopotamus was used for the internal branch leading to the whale^hippopotamus split (branch c in ¢gure 1).
The hippopotamus mtDNA sequence has been deposited at the EMBL database with accession number AJ010957. Users of the sequence are kindly requested to refer to the present publication and not only to the accession number of the sequence.
RESULTS
The length of the hippopotamus mtDNA is 16 407 nt. The organization of the molecule conforms with that of other complete mammalian mtDNAs. The nt and aa composition of the individual genes is similar to that of other artiodactyls and to the ¢n and blue whales. All of the hippopotamus protein-coding genes have a methionine (ATG or ATA) initiation codon, except for NADH3 which has an isoleucine (ATT) start codon and NADH4L Figure 1 . Maximum-likelihood tree reconstructed by PUZZLE version 4.0 (Strimmer & von Haeseler 1996) , using the mtREV-24 model for aa sequence evolution (Adachi & Hasegawa 1996b) , and showing the position of the hippopotamus relative to that of a number of other mammalian species. The tree is based on concatenated aa sequences of 12 mitochondrial protein-coding genes. After excluding gaps and ambiguous sites adjacent to gaps, the length of the alignment was 3549 aa. The branch lengths are proportional to the genetic distances between the taxa. The support values for the branches labelled a^c are given in table 1. which starts with a valine (GTG). No stop codon was identi¢ed for COI, and the stop codons of COIII, NADH3 and NADH4 are incomplete (TA or T). These features are consistent with observations made for several other mammalian mitochondrial genomes. The control region of the sheep, a ruminant, contains tandemly organized repeats (Hiendleder et al. 1998 ), but like the whales (Arnason et al. 1991 (Arnason et al. , 1993b Arnason & Gullberg 1993) , no such repeats occur in the control region of the hippopotamus. The origin of replication of the L-strand forms a hairpin loop with an 11bp stem and a 13 nt loop in the hippopotamus, similar to that of other artiodactyls.
The phylogenetic tree shown in ¢gure 1 has been reconstructed by QP^ML analysis of the aa alignment. It has been demonstrated in several previous phylogenetic analyses that the evolutionary rate of the mtDNA of the whales is considerably faster than that of the ruminants Xu et al. 1996b) . As is evident in ¢gure 1, the evolutionary rate of the hippopotamus is faster than that of the ruminants but slower than that of the whales. It seems likely therefore that the evolutionary rate of the ancestor of the hippopotamus^whale clade was accelerated relative to that of the ruminants, and that further acceleration took place in the cetacean lineage after the split between the hippopotamid and cetacean lineages.
The support values for relevant branches of the tree in ¢gure 1 are given in table 1. The artiodactyl^cetacean clade (branch a, ¢gure 1) received substantial support in the QP^ML and NJ analyses of both the aa and nt data sets, while the MP support for the same relationship was lower. The pig was basal in this clade, while the pecorans, cow and sheep, were identi¢ed as the sister group of the hippopotamid^cetacean clade (branch b, ¢gure 1). The support for this relationship (branch c, ¢gure 1) was strong in all analyses and data sets.
The log-likelihood and pBoot values were estimated for the 15 possible relationships between the artiodactylĉ etacean taxa included in ¢gure 1, assuming a sistergroup relationship between the cow and the sheep, and between the ¢n and the blue whales. The log-likelihood and pBoot values for the six best trees and the tree where both Artiodactyla and Suiformes are monophyletic, are given in table 2. The best tree was identical to that shown in ¢gure 1. The second best tree joined the ruminants and the hippopotamus on a common branch to the exclusion of the whales. However, the log-likelihood value for this tree di¡ered by more than one standard error from the log-likelihood value of the best tree, and the pBoot value was 0.016. The tree conforming to the traditional classi¢cation, monophyletic Cetacea and monophyletic Artiodactyla with the pig and the hippopotamus on a common branch, received least support among all possible trees.
DISCUSSION
The present ¢ndings which nest the Cetacea among recent artiodactyls, with strong support for a sister-group relationship between Hippopotamidae and Cetacea, suggest that both Artiodactyla and Suiformes are paraphyletic. Molecular data do not support the traditional suid^hippopotamid relationship (Beintema et al. 1986; Czelusniak et al. 1990) , and most analyses of mitochondrial (Irwin & Arnason 1994; and nuclear (Sarich 1993; Gatesy et al. 1996; Gatesy 1997 ) sequence data, which have included suids, ruminants, hippopotamus and cetaceans, have identi¢ed a sister-group relationship between Hippopotamidae and Cetacea. On morphological grounds, the origin of Cetacea has been linked to Mesonychidae (Van Valen 1966) , but the positioning of Cetacea within Artiodactyla challenges that notion. The now reported sister-group relationship between Hippopotamidae and Cetacea, however, may open other possibilities for examining the relationship between Cetacea and early Artiodactyla. The oldest hippopotamid fossils are of late Miocene age, but the relationship between Hippopotamidae and extinct artiodactyls has not been conclusively established, even though there is a considerable body of evidence that links Hippopotamidae with the semi-aquatic Anthracotheriidae (Colbert & Morales 1991) . However, the position of the Anthracotheriidae in the artiodactyl tree has not been settled. The anthracotherids are traditionally Table 2 . Phylogenetic analysis of topologies of the artiodactyl^cetacean clade (The ML analysis was based on the mtREV-24 model of sequence evolution. The value in angled brackets shows the loglikelihood (ln L) value of the best tree. Dln L indicates the di¡erence in ln L to that of the best tree, followed by the standard error (s.e.; Kishino & Hasegawa 1989 ) and bootstrap probability (pBoot), for this particular topology (Kishino et al. 1990 included in Suiformes, but the suiform characteristic of the anthracotherids are not pronounced, and as long as Hippopotamidae have been included in Suiformes the lack of distinct suiform characteristics in the Anthracotheriidae has been problematic. The present exclusion of Hippopotamidae from Suiformes permits other interpretations of artiodactyl^cetacean relationships, and with the establishment of the hippopotamid^cetacean relationship we ¢nd it reasonable to link the ancestry of Cetacea with the earliest Anthracotheriidae. Even though it might be coincidental, it is worth noting in this context that the most primitive anthracotheres had ¢ve digits in their forelimbs, the same number as occurring in Eocene Archaeoceti. Molecular analyses of cetaceans have suggested an approximately contemporary diversi¢cation among the ¢ve extant cetacean lineages . In conjunction with the cetacean palaeontological record (Fordyce & Barnes 1994) , this diversi¢cation has been dated to 32^34 million years before present (Ma BP; . Extrapolation from this data set has suggested that cetaceans and ruminants, as represented by the cow, last had a common ancestor 60 Ma BP. After calibration for di¡erences in evolutionary rates, the same approach to dating suggests that the ancestors of Hippopotamidae (probably Anthracotheriidae) and extant cetaceans last had a common ancestor ca. 54 Ma BP. This dating is compatible with the age, 52 Ma, of the oldest Pakicetus fossils (Gingerich et al. 1983) , but is less compatible with the age, 54 Ma, of Ambulocetus fossils (Thewissen et al. 1994) . The cetacean a¤nities of Ambulocetus have been questioned (Berta 1994) , but the present estimate of the time of separation between the hippopotamus and the cetaceans does not give a conclusive answer to the question of these a¤nities. More precise estimates of the divergence times between ruminants, hippopotamids and cetaceans will become possible when a complete mtDNA of an odontocete species becomes available.
The present results have drawn attention to the problems associated with aligning morphological and molecular ¢ndings in a coherent scheme of systematics. This issue has been discussed in detail with particular emphasis on artiodactyl and cetacean relationships, even though the speci¢c hippopotamid^cetacean relationship was unknown at that time (Graur & Higgins 1994) . The establishment of a sister-group relationship between Hippopotamidae and Cetacea further underlines the problems associated with the assignment of systematic ranks to various groups of organisms. If the ordinal identity of Cetacea is maintained, then both the palaeontological and the molecular data suggest that Cetacea may be one of the very few eutherian orders originating after the K^T boundary.
